the polymer and wood macromolecules were observed by scanning electron microscopy and interpreted as evidence of chemical bonds at the wood cells. When prepared using a catalyst, the polymer was intimately incorporated into wood structure significantly improving the substrate dimensional stability. Enhanced stability makes this approach of particular interest for exterior wood products especially as a green renewable option for the wood industry.
Introduction
In recent years, significant research has focused on the development of wood treatments to improve properties through microstructural modification. Treatments can be utilised to address issues such as dimensional stability and biodegradability, and can be either solvent-based or waterbased systems [1] . The most prevalent solvent-based system is wood liquid-phase acetylation [2] ; the main issue being the toxicity of the chemicals involved in the reaction. An ecofriendly impregnation treatment has been investigated based on the chemical reaction of an acid with an alcohol or a polyol to obtain a polymer. The esterification reaction is particularly suitable for wood as it can be performed within the cellular structure.
Citric acid and glycerol can react together with heat to form a three dimensional polymeric structure. The present investigation was devoted to the determination of the reaction that occurs between both reactants. In order to obtain the best properties of the polymeric structure formed, it is beneficial to promote reaction products rather than reactants. Once the reaction is completed, Abstract The development of wood treatments is of increasing industrial importance. A novel technique for improving the properties of lodgepole pine and white pine through modification of the microstructure is described. The present investigation is devoted to the synthesis and determination of in situ parameters of citric acid and glycerol based polymers for wood impregnation. This solvent free approach is environmentally friendly and achieved through an esterification condensation reaction under acidic conditions. Crude glycerol and citric acid reactants were cross-linked via a curing process at 160 °C creating a polymer with only water as the byproduct. The ester bonds and crosslinking levels were controlled using different catalysts and citric acid contents and related to the reaction time and temperature. The nature of bonding within the polymers and at the wood cell walls was determined by FT-IR analysis. The thermal properties such as glass transition temperature (T g ) were studied using TGA/DSC and the effect of citric acid content and catalyst type determined. Dimensional stability of impregnated wood samples improved above 50% for each sample with HCl and p-TSA catalysts compared to control samples. FTIR spectra were studied to show the presence of the ester linkages of the polymer in situ at the wood cell walls. Bonding between the polymer is obtained with water as a by-product. The water produced can initiate the reverse reaction, hydrolysis, which is detrimental to the newly formed polymer. Many factors have shown potential such as the reactions sensitivity to change the pH. More acidic solutions accelerate the esterification of glycerol [3, 4] . Higher reaction temperatures and the presence of an agent, such as benzene which forms an azeotrope, can increase the rate of the reaction but are beyond the scope of this study. Previous studies have used curing temperatures of around 180 °C for a duration of 2 h. These conditions were shown to be too aggressive and caused degradation of wood cell walls. There is a need to reduce the time and the temperature of the reaction. Without an acceptable performance, this approach will not be adopted for industrial applications. The wood materials used as a substrate require a method of impregnation under mild conditions [5] .
One other way to obtain a cross-linked polymer is by varying the concentration of reactants. Different ratios allow the formation of polymers with a wide range of properties, degree of crosslinking and biodegradability to be obtained [6] . A lower concentration of citric acid promoted crosslinking of the polymer as the esterification reaction of citric acid and glycerol can self-catalyze [7] . However, higher yields can be obtained with the use of an acidic co-reactant. These chemicals act as catalysts and improve the physical and chemical properties of the polymer. Appropriate adjustment of these factors allows the esterification reaction of citric acid and glycerol to be maximized.
The chemicals involved in the reaction (citric acid and glycerol) are all non-toxic. Previous work investigated the possibility for a drug release system using the same thermosetting polymer [6] . This route has attracted attention because the reaction leads to the formation of a polymer in one curing step and generates only water as the by-product which makes it attractive to industry due to its green credentials. Furthermore, the low valorisation of glycerol issued from the biodiesel industry makes it affordable.
This article summarizes details of the polymerization of citric acid and glycerol using co-reactants as a catalyst to synthesize a thermosetting polymer formed in-situ with the wood structure. Factors considered included the ratio of reactants, their efficiency and the depth of impregnation. Based on the careful analysis of literature on esterification based polymers, the present investigation was aimed to focus on determining a suitable combination of parameters of reaction for eco-friendly wood impregnation applications with high dimensional stability.
Materials and Methods

Materials
Glycerol (G) was supplied by Rothsay Biodiesel (Canada, Quebec). The anhydrous citric acid (CA), chlorhydric acid (HCl), para-toluenesulphonic acid (p-TSA), phosphotungstic acid (TPA) and iron(II) sulphate (FeSO 4 ·7H 2 O) were supplied by Sigma-Aldrich Canada Co. (Canada, Ontario). Nitrogen (N 2 ) used to apply pressure during the impregnation step was obtained from Praxair Canada Inc (Canada, Ontario).
Representative samples of white pine (Pinus strobus L.) and lodgepole pine (Pinus contorta D.) were supplied by Maibec industry (Canada, Quebec).
Preparation of Blends and Experiments
The first experiment was conducted to determine the best molar ratios in order to obtain the most stable crosslinked polymer from citric acid and glycerol. Glycerol (30 mmol-2.50 g) and water (100 mmol-1.73 g) were mixed together in a 50 mL beaker and heated to 60 °C. Ground citric acid powder (30 mmol-5.80 g) was added to the mixture gradually allowing it to dissolve. The content was stirred for 30 more minutes before the addition of any other reactants. One control dish was set up with no catalyst added in an aluminum pan. This experiment was repeated with molar ratios of citric acid and glycerol of 0.66:1, 1:1, 1.2:1 and 1.4:1. All dishes were placed in an oven set at either 100, 125 or 150 °C for 1 h before being allowed to cool to room temperature. The purity of the crude glycerol used for each blend was 89 ± 2%. The remaining mass consisted of water (7.9%), ashes (2.4%) and impurities (0.7%). Each blend contained the same total quantity of water (100 mmol-1.73 g) in order to maintain consistency. The experimental parameters of the cross-linked polymers synthetized were presented in Table 1 .
Subsequent trials of polymerization methods have been investigated including the addition of a catalyst to the mixture of citric acid and glycerol. Each sample has one control dish set up with 10 g of a citric acid and glycerol blend without catalyst in an aluminum pan. The four other dishes 
Preparation and Impregnation Method of Wood Samples
Following determination of the reaction's parameters wood samples were impregnated to understand the behavior of the reaction inside the wood cell walls. White pine (Pinus strobus L.) and lodgepole pine (Pinus contorta Doug) were the two species selected for impregnation experiments for their potential use in outdoor applications in Canada. Each sample was free from sapwood. Samples were cut to the dimensions required for specific analyses.
Impregnation Parameters
Wood samples were conditioned at 8% moisture content, then impregnated with CA1.2G1 mixture with p-TSA or HCl catalysts as described previously inside a highpressure Parr ® reactor (Moline, USA). In order to ensure impregnation, it was necessary to use a vacuum-pressure process. Tests were performed to determine the optimum pressure needed to allow various impregnation depths. Following the impregnation, wood samples were cured at 150 °C for 1 h. A vacuum of 720 mbar and a pressure at 200 PSI was set for each impregnation. Impregnation times leading to the best results for white pine and lodgepole pine wood are compiled in Table 2 . Times observed are different for both species based on their permeability and impregnated volumes.
Characterization of Polymerized Blends
Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectra were recorded on a FTIR Spotlight 400, Perkin Elmer spectrophotometer (Waltman, USA). The samples were prepared by grinding the polymer into a fine powder. Spectra were recorded in the range 4000-500 cm −1 at a resolution of 4 cm −1 with an ATR cell on a Zn/Se crystal. 64 scans were performed for each sample. The lowest data points from either sides of the peak were connected to create the baseline.
Thermogravimetric (TG) Analysis
Thermogravimetric analyses were carried out on a TGA/ DTA 851 e Mettler Toledo instrument (Colombus, USA) with two repetitions. Samples (5-10 mg) were placed in silica pans. Thermograms were recorded using a heating rate of 10 °C/min in a temperature range from 25 to 700 °C. Each analysis was performed under a nitrogen purge (50 ml/min).
Differential Scanning Calorimeter (DSC)
DSC thermograms were recorded by a DSC 8000, Perkin Elmer instrument (Waltman, USA) with three repetitions. The samples (1-2 mg) placed in an aluminum pan were firstly cooled from room temperature to −40 °C and held for 2 min. The heating scans were conducted from −40 to 60 °C at a heating rate of 20 °C/min under nitrogen purge (50 ml/min). Glass transition was determined from the middle of the heat capacity change.
Characterization of Treated Wood Samples
Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectra were recorded on a FTIR Frontier, Perkin Elmer spectrophotometer (Wokingham, UK). The samples were prepared by polishing one of the surfaces. Spectra were recorded in the range 4000-500 cm −1 and a resolution of 2 cm −1
. 64 scans with an ATR cell on a Zn/Se crystal were performed for each sample.
Scanning Electron Microscopy (SEM)
SEM was performed on dried wood surfaces using a JEOL SEM6480LV microscope (Watchmead, UK). The sample's surfaces were prepared by cutting a thin layer with a razor blade and mounted on an aluminum plate. Subsequently, they were gold-sputter coated and analyzed under an 80 kV electron beam. Images were taken with a magnifications of 300× and 500× to provide a large surface analysis area. Magnified images over 2000× were taken to show interesting particularities of the wood surface. C untreated is the coefficient of the initial untreated wood for swelling and shrinkage in both radial and tangential directions, C treated is the coefficient of the impregnated samples for swelling and shrinkage in both radial and tangential directions.
Results and Discussion
FT-IR Spectral Studies of the Glycerol-Based Polymers
FT-IR spectra of pure citric acid and other glycerol based polymers with different catalyst contents are compared in Fig. 1a, b . The main information about the esterification is in the range 2000-1500 cm −1 . All spectra from the samples exhibit a broad peak at 1720 cm −1 . The shift for this peak to higher wavelengths indicates the presence of a higher concentration of esters [8] . It corresponds to the C=O stretching vibration peak at 1729 cm −1 which is associated to the ester group. Furthermore, the width of the peak can be explained by the contribution of C=O groups in the ester bonds of the polymer and the carboxylic groups of the citric acid. The peak shown in Fig. 1a of the pure citric acid spectrum at 1694 cm −1 corresponds to the C=O stretching bond. This peak is no longer visible after the samples are cured. It still can be included inside the broad ester peak at lower intensities. This supports the reaction of the majority of carboxylic groups to form ester bonds resulting in a narrow peak in the spectra of each esterified polymer sample. The remaining peak shown in Fig. 1a, b is the one at 1743 cm −1 which corresponds to an interference peak mainly caused by the proximity of polyatomic acid [9] . The shift in the peak from 1694 cm −1 to a shoulder at 1712-1720 cm −1 in the polymer demonstrates that ester bonds are created during the curing process [7, 10] . The peak changes with the citric acid content. Figure 1a shows
that a high concentration of citric acid results in lower wavenumbers. This is caused by the excess unreacted citric acid in the sample resulting in the peak moving towards the vibrational frequency of the C=O stretching bond of the carboxylic acid even if there are more ester bonds formed. After the curing step of the sample, no further extraction of the excess of unreacted acid had been made. Citric acid still had an influence that could not be eliminated. The unesterified carboxyl groups decreased as the formation of the esterified polymer increased. Thus, the shift and peak's height at 1720 cm −1 describes the increase of the ester bonds in the glycerol-based polymer [11] .
FT-IR spectra of pure citric acid and glycerol based polymer with fixed citric acid content were compared in Fig. 1b . Results suggest that with a fixed content of carboxylic groups, the peak change is only influenced by the addition of different catalysts. From all the different catalysts tested, HCl and p-TSA showed the best results with a peak shift at 1717 and 1715 cm −1 respectively compared . With a more significant peak shift, there is a higher conversion of carboxyl to ester.
Thermogravimetric (TG) Analysis
Thermogravimetric analyses of the glycerol based polymer provides complementary information in addition to the thermal properties. Figure 2 presents the TG and DTG curves of CA1.2G1 cured at 150 °C and shows a four-stage decomposition process. The first mass loss consists of water and other volatile derivatives such as methanol and transesterification oil contained in crude glycerol. Thermograms show an average loss of 8 to 10% of total weight in the range from 67 to 163 °C. The second mass loss occurs between 160 and 250 °C showing the degradation of citric acid, glycerol and esterified polymer network. Citric acid degradation slowly starts over 153 °C until reaching its maximum decomposition rate at 188 °C. The maximum rate of crude glycerol degradation was observed at 245 °C. The third mass loss starts at 250 °C and continues up to 450 °C which corresponds to the thermal degradation of the remaining polymer chains, fatty acid methyl esters impurities and carbonization. The final mass loss between 450 and 700 °C corresponds to ashes and coke attributed to the thermal cracking process [12] [13] [14] . Thermograms show that the thermal stability increases while using HCl and p-TSA catalysts for a fixed citric acid concentration caused by the length of crosslinks between the polymer chains. Figure 3 shows the TGA thermograms of CA1.2G1 cured at 100 °C. The retaining mass of 22 and 27% was observed for HCl and p-TSA catalysts at 400 °C respectively. The mass remaining for control, iron(II) sulphate and TPA was much lower at 20, 17 and 20% respectively. Thermograms show that the thermal stability increases with increasing concentration of glycerol and decreasing citric acid concentration. This was attributed to the length of the crosslinks between polymer chains.
DSC of Glycerol-Based Polymers
DSC thermograms have been taken for blends with HCl, FeSO 4 ·7H 2 O, p-TSA, TPA and without catalyst. T g 's are reported in Table 3 and Fig. 4c which show the relative efficiency of each chemical added. The use of samples containing p-TSA or HCl catalysts resulted in an increase of T g of over 10 °C compared to the control samples. The T g for the mixtures containing p-TSA and HCl are shown in However, while increasing the citric acid content, T g 's observed were a lot higher increasing up to 13.96 °C. Figure 4a shows the T g tendency by increasing the temperature as well as the molar ratio of the citric acid. The same trend has been reported for HCl mixtures shown in Fig. 4b with similar T g to p-TSA samples. Similar to those observations, polymers based on citric acid and polycaprolactone triol exhibit a T g from 17 to 31 °C [15] . Glycerol and citric acid based hydrogel have shown T g 's from 26 to 30 °C for a similar treatment cured during 24 h [13] . It is important to note that while the molar ratio leads to higher T g , the amount of citric acid is more important as at high concentration the creation of more esters functional groups is promoted. The temperature of curing follows the same pattern and contributes to the increase of T g .
Scanning Electron Microscopy (SEM)
The SEM images show the morphologies of the wood surfaces taken in transversal sections. It can be observed from Fig. 5a -d that wood cell walls are damaged from the curing step of the polymerization. A comparison has been made between untreated and treated samples of both species studied. Impregnated samples exhibited a degradation in the cell wall content caused by heating over 160 °C. Figure 5a , b shows the difference in the impregnation between both species. White pine has shown a higher mass gain after impregnation compared to the lodgepole pine with similar impregnation parameters in the lumen and cell walls. This is caused by the lower permeability of the modified lodgepole pine compare to the modified white pine which has an overall higher permeability in both sapwood and heartwood [16, 17] . It is shown in Fig. 5b that lodgepole pine has empty lumens. The empty cells may be the result of the gases released during the curing step composed of water vapors. It can be determined from Fig. 5c that unreacted carboxylic groups from the glycerol-based polymer can bond with free hydroxyl groups from wood macromolecules. This leads to a chemical bond able to retain the polymer inside the cell walls of wood samples after the curing step and the dimensional stability test [18] . The citric acid will react with free hydroxyl groups from wood chains initiating the cross-linked polymer in situ [18, 19] . Small fractures within the polymer network can be observed in Fig. 5d . These could lead to the brittleness of the glycerolbased polymer and eventually to a mass loss. This brittleness of the wood starts to appear after the thermal process at 160 °C. (O-H vibration of cellulose and hemicellulose) and 897 cm −1 (C-O-C vibration of cellulose and hemicellulose) [20] [21] [22] . After the impregnation and curing steps of the wood samples, FTIR spectra show an intense peak at 1730-1700 cm −1 indicating the presence of ester bonds. These esters are formed by the reaction of carboxyl and alcohol groups present with glycerol and wood macromolecules [14] . Samples treated with a catalyst shown in Figs. 6 and 7 exhibit all the peaks corresponding to the wood macromolecules. This suggests that wood macromolecules do not break up after the curing step at 160 °C. Furthermore, spectra from treated wood samples exhibit the same peak as preliminary samples without wood at 1730-1710 cm −1 which confirms the esterified polymer formation [23] .
FT-IR Spectral Studies of Wood Impregnated Surfaces
Other strong peaks corresponding to the polymer network at 3339 cm (C=O stretch) and 1176 cm −1 (C-O) [6] .
Swelling (α), Shrinkage (β), Anti-swelling Efficiency and Anti-shrinkage Efficiency (ASE) Measurement
Anti-swelling efficiency (ASE) has been reported in Fig. 8a , b according to Eq. 1. Results show the increase in percentage for treated samples throughout the three cycles performed. The average ASE was calculated for each group of treated wood samples. The polymerization of citric acid with both hydroxyl groups of wood macromolecules and glycerol explain the high value of ASE. The best ASE value has been achieved with p-TSA as catalyst in white pine samples with an average value of 68.7%; this is higher than the lodgepole pine which is 58.3%. The increased dimensional stability can be attributed to the permeability of the white pine which is superior compared to that of the lodgepole pine [16, 17] . Materials impregnated to a greater extent result in a more cross-linked polymer after curing, which suggest a better dimensional stability of the wood. Figure 8a , b shows that the addition of acidic catalysts greatly help to increase the ASE values. Furthermore, HCl catalyst enhances equally the dimensional stability for both species in contrary to p-TSA which has a better affinity with white pine. Throughout all three cycles, the ASE values remain constant for the same treatment. This demonstrates that the glycerol-based polymer is not soluble in water. This observation has been made by determining the weight loss after each cycle. Control samples were losing an average of 0.5% of their total mass over each cycle which is similar for samples treated with HCl catalyst. However, the p-TSA treated samples show a better result with only 0.3% of mass loss for white pine and 0.2% for lodgepole pine after each cycle. The lower value for lodgepole pine is explained by the anatomy of the 
Conclusions
This study revealed that a polymer of crude glycerol and citric acid can be used efficiently to impregnate green wood. Of the five different catalysts studied, HCl and p-TSA showed superior time and temperature improvements of the polymerization reaction. A high degree of crosslinking was observed when modifying various reaction conditions including: time, temperature, molar ratio and catalyst content. The increased numbers of ester linkages in the polymer, obtained by employing catalysts, allowed the formation of a thermoset polymer with enhanced physical properties. This has resulted in an increase of the T g , determined using DSC, and is supported by relevant peak shifts in FTIR spectra. Thermal stability of the polymer was affected by the nature of the catalyst used and the citric acid content. Better yields were achieved by increasing the additions of the acidic catalysts HCl and p-TSA. The final polymer tested was eventually impregnated in wood samples to evaluate the formation of the esterified polymer and to determine the extent of improvement in the properties studied. Dimensional stability results have extended the current understanding of the role of catalysts in the impregnation process. The behavior of the polymer in situ within the wood Fig. 8 Average value of ASE as a function of impregnation depth (1/3, 2/3 or 3/3) and treatment for a white pine b lodgepole pine wood samples lumens has been revealed using SEM images and FTIR spectra.
